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Edited by Horst FeldmannAbstract It has been proposed that one function of introns is to
coordinate expression across/within networks of related genes.
This same hypothesis also predicts that intronless genes will
not be uniformly distributed among the functional categories of
human genes, but will be found most frequently in those catego-
ries that have less need to communicate changes in their expres-
sion. Statistical analysis demonstrates signiﬁcant clustering of
single exon genes among those with binding or signal transduc-
tion/receptor activities and fewer than expected among those
with catalytic function.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Mattick and colleagues have proposed that a primary func-
tion of intronic ribonucleic acid (RNA) is to serve as a gene-to-
gene messenger to coordinate expression in networks of genes
[1–4]. In contrast to the regulation of individual gene products
by speciﬁc transcription factors, intronic messaging would re-
ﬂect a more global form of control. This hypothesized intronic
signaling system is closely analogous to the use of separate
signaling channels in telecommunication networks. Such
networks typically use a signaling mechanism (a separate
portion of the bandwidth) for network control, while the data
is sent separately via its own portion of the bandwidth. In this
analogy, the metabolic intermediates correspond to data, while
the excised introns serve the role of network control elements.Abbreviations: cftr, cystic ﬁbrosis transmembrane regulator; DNA,
deoxyribonucleic acid; GO, gene ontology; GPCR, G protein-coupled
receptor; RNA, ribonucleic acid
*Corresponding author. Present address: Pittman General Clinical
Research Center, University of Alabama at Birmingham, 619, 19th
Street South, MEB M240, Birmingham, AL 35249-6909, United
States.
E-mail address: ahill@uab.edu (A.E. Hill).
0014-5793/$32.00  2006 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2006.06.051Our recent experimental results [5] demonstrate that trans-
fected intronic sequences taken from the cystic ﬁbrosis trans-
membrane regulator (cftr) gene confer consistent and highly
reproducible transcriptional control over a number of other
genes, many of which are relevant to aspects of cell or tissue
biology tied to cftr function. The eﬀect is intron-speciﬁc, with
each RNA sequence triggering a unique gene expression pro-
ﬁle. A corollary of the introns-as-messengers hypothesis is that
the intron content of a gene is a function of its degree of inter-
action. A gene encoding an enzymatic component of a complex
metabolic pathway would need to communicate changes in its
level of expression to other associated genetic elements in the
same or closely related pathways. By the same token, the level
of expression of certain genes would need to be adjusted to
prepare in advance for an imminent change in metabolite
availability or synthesis. In the model presented above, some
of the preparation would be mediated by intronic RNA. Met-
abolically active gene products (such as enzymes) initiate pro-
cesses that propagate changes throughout the cell. Due to the
need to coordinate cellular processes these genes would have a
greater need for intronic messengers and few would be ex-
pected to be intronless. Conversely, metabolically passive gene
products (such as histones), while important, do not initiate
cellular changes, and the corresponding genes would have less
need to communicate and therefore a greater number would be
expected to be intronless.
In the present study we demonstrate that intronless genes are
not uniformly distributed across the various functional catego-
ries of the human genome. These ﬁndings are consistent with
the introns-as-messengers hypothesis.2. Materials and methods
The data used in this study were obtained from the UCSC Genome
Bioinformatics web site (http://genome.ucsc.edu/) [6,7] and the Gene
Ontology Consortium site (http://www.geneontology.org/) [8]. The
assignment of genes to one or more functional categories of the Gene
Ontology results from dynamic consensus among numerous investiga-
tors, minimizing eﬀects of individual bias or opinion.
Genes that are members of the Gene Ontology Consortium’s Molec-
ular Function Ontology (GO aspect = F) were selected from the UCSC
database table of known genes (May, 2004 assembly of the humanblished by Elsevier B.V. All rights reserved.
Table 1
Gene ontology molecular function categories
Gene ontology ID Molecular function
GO:0016209 Antioxidant activity
GO:0005488 Binding
GO:0003824 Catalytic activity
GO:0030188 Chaperone regulator activity
GO:0030234 Enzyme regulator activity
GO:0005554 Molecular function unknown
GO:0003774 Motor activity
GO:0045735 Nutrient reservoir activity
GO:0004871 Signal transducer activity
GO:0005198 Structural molecule activity
GO:0030528 Transcription regulator activity
GO:0045182 Translation regulator activity
GO:0005215 Transporter activity
GO:0030533 Triplet codon-amino acid adaptor activity
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count (indicative of the number of introns) and GO ID. GO IDs de-
rived from the Molecular Function Ontology were partitioned into
non-redundant database tables corresponding to the fourteen top-level
categories of the hierarchy (Table 1). Each human gene from the
UCSC database was next assigned to one or more functional categories
based on GO ID. As an additional level of stringency, and to eliminate
any possible ambiguity of function, genes that were members of more
than one major functional category were excluded from the study.
Among the 9753 genes analyzed for intron content, the only exception
to this procedure was the assignment of 30 genes classiﬁed as antioxi-
dant (e.g. catalase, oxidoreductase and peroxidase activity) to a more
generic category (catalytic) that eliminated any ambiguity regarding
metabolic role. These procedures yielded genes that have been assigned
by strong consensus to only a single molecular function. The reassign-
ment made no diﬀerence in the overall statistical analysis. The results
of these queries were analyzed by the chi-square (v2) method (Table 2)
to determine whether intronless genes are homogenously distributed
across the functional categories.3. Results and discussion
The initial query of the UCSC database yielded 43401 genes
with a GO aspect of ‘‘F’’. After removal of duplicates and
genes that occurred in more than one functional category of
the gene ontology, 9753 genes remained. The percentage
(6%) of intronless genes (602 genes) in the resulting data set
is in close agreement with previous studies [9]. A v2 analysis
(Table 2, calculated value = 455.46; tabular v2 value = 27.88)Table 2
v2 analysis: number of intronless genes by molecular function category
Gene ontology ID Molecular function Intronl
GO:0004871 Signal transducer activity 139/33.
GO:0003824 Catalytic activity 83/203.
GO:0005215 Transporter activity 34/63.6
GO:0005488 Binding 285/224
GO:0030234 Enzyme regulator activity 8/24.07
GO:0003774 Motor activity 0/3.39
GO:0005198 Structural molecule activity 41/35.1
GO:0030188 Chaperone regulator activity 0/0.74
GO:0045735 Nutrient reservoir activity 6/6.36
GO:0030528 Transcription regulator activity 6/6.73
Total 602
Calculated v2 = 455.46.
Tabular v2 = 27.88 at 0.001 level of signiﬁcance (9 df).
aObserved/expected.revealed signiﬁcant heterogeneity in the proportion of intron-
less genes across the functional categories. There was a greater
than expected number of single exon genes ascribed to binding
and signal transduction functions. Markedly fewer than ex-
pected intronless genes were found in the catalytic, transporter,
and enzyme regulator annotations (Table 2). These observa-
tions strongly establish a non-random distribution of intron-
less genes across diﬀerent functional groups. These ﬁndings
do not appear attributable to genetic relatedness among mem-
bers of the same functional group, as described below.
The results of these statistical analyses may be viewed as con-
sistent with the hypothesis that introns serve as a cellular means
of monitoring transcription. The lower than statistically ex-
pected number of intronless genes in the catalytic category (83
of an expected 203.61, P = 0.001) supports a possible relation-
ship between intron content and degree of interaction with
related gene products. According to this model, genes produc-
ing catalytic proteins would use introns to communicate their
level of expression to associated metabolic or developmental
pathways, and thereby coordinate the requisite gene expression
that regulates these processes. This sort of feedback control
would help avoid sudden accumulation of metabolic products
and the associated spikes of transcription thatmight be required
for their cellular management. This same reasoning applies to
the enzyme regulator category. The protein products of this
functional category are actively involved in the regulation of
metabolic pathways. A third group exhibiting an unexpectedly
high proportion of intron replete genes, transporters, provide
the ‘raw materials’ for most or all of the synthetic/enzymatic
pathways in the cell, and therefore ﬁt well in this scenario.
Scenarios also exist, based on this model, in which certain
classes of genes might be expected to exhibit less requirement
for intron-dependent transcriptional messenger ribonucleic
acid control. For example, the binding category was greatly
enriched in genes completely lacking intronic deoxyribonucleic
acid (DNA). This ontology category includes genes coding for
proteins (such as histones), that while essential to the function-
ing of the cell, are, in contrast to enzymes, essentially metabol-
ically passive (non-enzymatic) in the sense that they are not
involved in the production of metabolites. Introns are not
found in any replication-dependent histone gene in any higher
eukaryote, but are found in replacement histones where they
are thought to provide polypyrimidine sequences necessary
for constitutive expression [10].ess genes (Obs./Exp.a) v2 ((O  E)2/E) Total genes
13 338.31 537
61 71.44 3300
1 13.78 1031
.95 16.03 3646
10.72 390
3.39 55
8 0.97 570
0.74 12
0.01 103
0.07 109
455.46 9753
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human protein families [9] and the largest mammalian receptor
class [11]. While less than 5% of human genes lack introns,
more than 90% of mammalian GPCRs are intronless [9].
One can argue that once a GPCR protein has been produced,
there is little need to communicate the level of transcription. G
protein-coupled cell surface receptors (expressed in many cell
types) communicate with their constitutively associated hetero-
trimeric G protein. In contrast to catalytic proteins or regula-
tors, no metabolic products or synthetic intermediates are
produced by GPCRs per se. It could be argued that GPCRs
are largely intronless because this large family of genes is evo-
lutionarily related. This is obviously not the case with other
functional categories (such as structural, binding and catalytic)
that consist of a heterogeneous collection of genes that share a
common function, but are otherwise unrelated.
The precision of annotating human genes and distributing
them among particular functional classes is limited by our
understanding of global protein function, which is far from
complete. However, within the constraints of what is currently
possible using the best available informatics, the results pre-
sented here establish clear diﬀerences in intron content based
on our current knowledge regarding protein functional catego-
ries.4. Conclusions
The results of our analyses are consistent with the hypothesis
that one function of excised introns is to act as gene-to-gene
messengers to coordinate the transcription of networks of re-
lated, interacting genes. Our ﬁndings are in agreement with
the recently published work of Andolfatto [12], whose statisti-
cal analyses of the Drosophila genome yielded evidence of both
positive and negative selection pressures acting on non-coding
DNA and ultimately of its functional importance. The model
is also consistent with the fact that the number of introns
increases with the complexity of the organism. It may also
explain why certain classes of genes encoding proteins notdirectly involved in the synthesis of metabolic intermediates,
such as the histones and G protein-coupled receptors, are lar-
gely intronless.References
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